Methylation-controlled J protein (MCJ) is a recently identified member of the DnaJ protein family of cochaperones, and its expression is controlled by methylation (56) . DnaJ proteins are characterized by the presence of the DnaJ domain containing the His-Pro-Asp signature tripeptide. The DnaJ protein family is one of the largest cochaperone families that has members with diverse cellular localization patterns and functions (11) . In addition to the DnaJ family, two other families of cochaperones have been identified based on the presence of the Bag domain (58) or the tetratricopeptide repeat clamp domain (53, 58) . Cochaperones associate with the heat shock protein 70 (Hsp70) family of chaperones (Hsp90, Hsp70, and Hsc70) through these conserved domains and participate in protein folding and trafficking (64) . Cochaperones have a modular architecture in which a chaperone binding domain (DnaJ, the tetratricopeptide, or Bag) is fused to other nonconserved sequences that can interact with specific proteins and mediate a variety of diverse activities including clathrin uncoating (63) and cytoskeletal functions (29) . Some DnaJ cochaperones also participate in ubiquitin-dependent proteolysis either by tagging certain substrates for degradation or by facilitating the unfolding of folded proteins, thus allowing degradation by proteolysis (35) .
MCJ has some unique features among the members of the DnaJ family. Comprising 150 amino acids (aa), it is a rather small protein (16 to 17 kDa) compared to other members (ϳ40 kDa). The DnaJ domain is located in the C terminus (56) , while it is commonly present in the N terminus in other DnaJ proteins. In addition, a potential transmembrane domain distinguishes MCJ from most other DnaJ proteins that are present in the cytosol and interact with chaperones through the DnaJ domain. Thus, MCJ appears to be an atypical DnaJ family member.
The MCJ gene has been identified as a gene expressed in normal ovarian epithelial cells but absent or expressed at very low levels in a number of primary ovarian tumors and ovarian carcinoma cell lines (56) . The loss of MCJ is correlated with increased drug resistance in ovarian cancer cell lines (56) . The hypermethylation of a CpG island present within the first exon and first intron of the MCJ gene represses MCJ expression (60) . The overexpression of MCJ in ovarian cancer cells increases sensitivity to antineoplastic drugs in vitro (56) . A recent study of ovarian cancer patients demonstrates that the high levels of CpG island methylation correlate with the poor responses of the tumors to chemotherapy and overall poor survival rates (61) . The methylation of the MCJ gene in some malignant pediatric brain tumors and in 90% of Wilms' tumors has also been reported, whereas very low levels of methylation in normal tissues have been found (17, 37) . However, the relevance of MCJ gene hypermethylation for chemoresistance in these tumors has not yet been addressed.
While the regulation of MCJ gene expression has received a certain amount of interest, no information about the biology and function of MCJ, including its cellular localization pattern, is presently available. In addition, although the loss of MCJ gene expression by hypermethylation has been correlated with multidrug resistance in ovarian cancer, the mechanism by which this cochaperone regulates the drug response is completely unknown. We show here that MCJ is a Golgi compartment-associated, type II transmembrane DnaJ protein that arose in vertebrates as a result of gene duplication. We further Coat poly-D-lysine coverslips. Cells were washed with PBS, fixed in 3.7% paraformaldehyde, and permeabilized in a blocking solution (Dulbecco's modified Eagle's medium-F12 with 5% FBS and 0.01% lysine) containing 0.1% Triton X-100 for 2 h at room temperature. Cells were then incubated with primary antibody in blocking solution for 1 h at room temperature, followed by incubation with the Alexa-568 anti-rabbit or Alexa-568 anti-mouse secondary antibody (Molecular Probes, Eugene, OR) for 30 min. For nuclear staining, either TOPRO-3 or Yoyo (Molecular Probes, Eugene, OR) was used, and Mitotracker-647 (Molecular Probes, Eugene, OR) was used to stain mitochondria. The primary antibodies used included the mouse anti-HA monoclonal antibody (mAb; Cell Signaling Technology, Inc.). The rabbit anti-MCJ polyclonal antibody was generated by using recombinant mouse MCJ (aa 62 to 150; Proteintech Group Inc., Chicago, IL). The rabbit antiserum was further purified over an antigen column to obtain the MCJ antibody. The mouse anti-MCJ mAb (WeNA12) was generated at the Green Mountain Antibodies Co. by immunizing mice with the N terminus peptide of MCJ. Screening of over 200 hybridomas was performed by immunostaining of MCJ-transfected and untransfected 293T cells and confocal microscopy searching for specificity and the expected subcellular distribution.
The semipermeabilization method of freeze-thaw was modified from a previously described method (39) , and the staining was performed as mentioned above. Immunostained cells were examined by confocal microscopy using the LSM 510 META confocal laser scanning imaging system (Carl Zeiss Microimaging Inc., Thornwood, NY).
RNA isolation and RT-PCR. Total RNA was isolated using Ultraspec RNA isolation systems as recommended by the manufacturer (Biotecx Laboratories, Inc., Houston, TX). The first strand of cDNA was obtained by reverse transcription as described previously (10) . cDNA was used to detect human ABCB1, hypoxanthine phosphoribosyltransferase (HPRT), MCJ, ABCG2, and ABCC1 gene expression by conventional PCR or real-time reverse transcriptase PCR (RT-PCR). Previously described primers were used for the conventional RT-PCR amplification of ABCB1 (48), HPRT (10), ABCC1 (26), ABCG2 (16) , and MCJ (56) genes. For the real-time RT-PCR analysis with the TaqMan system (Applied Biosystems), we used an assay-on-demand kit for human HPRT, ABCB1, and c-Jun genes (Sigma Genosys). For the detection of MCJ by real time RT-PCR, we used the following probe and primer set (Sigma Genosys): probe, 5Ј-CCTTGCCAGCAGATGGGCTTACACCTAAA-3Ј; sense primer, 5Ј-CAGAAAATGAGTAGGCGAGAAGC-3Ј; and antisense primer, 5Ј-TGAC TC TCCTATGAGCTGTTCTAATC-3Ј. The HPRT gene was used as an endogenous control to normalize the mRNA values in each sample. The relative values were determined by the comparative computed tomography analysis method.
Western blot analysis. Whole-cell extracts were prepared in lysis buffer as previously described (51) . Forty to 100 g of protein was separated by electrophoresis and transferred onto a nitrocellulose membrane (10) . Primary antibodies for Western blotting included anti-ABCB1 (JSB-1 clone; ALEXIS Corporation, Switzerland); rabbit polyclonal anti-MCJ, mouse anti-MCJ mAb, anti-HA, anti-Jun N-terminal protein kinase (anti-JNK), and phospho-JNK (Cell Signaling Technology, Inc.); and anti-c-Jun, antiactin, and the secondary antibodies goat anti-mouse horseradish peroxidase (HRP), goat anti-rabbit HRP, and donkey anti-goat HRP (Santa Cruz Biotechnology). The LumiGLO chemiluminescent substrate system (KPL, MD) was used to visualize the proteins. Levels of actin were determined as a loading control. For the coimmunoprecipitation of MCJ and c-Jun, whole-cell extracts from MG132-treated and untreated MCF7 cells were immunoprecipitated by using the anti-MCJ mAb as previously described (50) . Immunoprecipitates were used to perform Western blot analysis using an anti-c-Jun antibody.
Immunoelectron microscopy. 293T cells were transfected with a plasmid containing HA-MCJ. After 24 h, transfected cells were fixed by immersion in 3% paraformaldehyde containing 0.1% glutaraldehyde, washed, and resuspended in 0.05 M ammonium chloride. Cells were embedded in agarose and refixed in paraformaldehyde-glutaraldehyde, washed, and dehydrated at a lower temperature in increasing concentrations of ethanol, followed by infiltration and embedding in the hydrophilic resin Lowicryl K4M at Ϫ35°C (30) . Immunostaining was performed with anti-HA mAb (Cell Signaling) during overnight incubation at 4°C, followed by a secondary anti-mouse antibody and protein A-gold particles (10 nm). Contrasting was done using 3% aqueous uranyl acetate and lead citrate. Sections were examined using a JEOL 1210 transmission electron microscope (JEOL-USA, Inc., Peabody, MA).
Phylogenetic analysis. BLASTp and PSI-BLAST (3) were used to search for homologous protein sequences in the GenBank (www.ncbi.nlm.nih.gov) nr protein database. A search with the human MCJ ortholog (accession number GI 66472920) found 99 proteins (expect value, 0.001). A total of 47 sequences were used in the analysis, all of which were eukaryotic. The protein sequences were VOL. 27, 2007 REGULATION OF MULTIDRUG RESISTANCE BY MCJ 2953 aligned using the T-Coffee program (49) with standard parameters. Five evolutionary clades (i.e., groups of sequences with a common ancestor) were identified: plant, yeast TIM14, fly-worm TIM14-like, vertebrate MCJ, and vertebrate TIM14-like clades. The level of confidence in each clade was determined by three parameters: (i) bootstrap support under maximum parsimony, (ii) bootstrap support using the neighbor-joining algorithm, and (iii) the posterior probability obtained from Markov Chain Monte Carlo simulation using the MrBayes program. The plant clade was set as the out-group. The confidence level for the yeast TIM14 group of proteins in fungi as a clade was 30/66/not applicable (NA) according to the above-listed parameters, and the confidence level for the ecdysozoan (fly and worm) MCJ and TIM-like sequences as a clade was 86/95/1.00. The confidence level for a gene duplication's leading to two vertebrate clades, the MCJ and the TIM14-like clades, was 86/95/1.00 (see Fig. 2B ). A low confidence level (NA/54/NA) was obtained for a gene duplication event that occurred after the divergence of vertebrates from the fly-worm (ecdysozoan) lineage. Stronger support was found for MCJ's being the result of gene duplication prior to the divergence of ecdysozoa from vertebrates (50/NA/0.99). Phylogenetic analysis was performed using MrBayes 3.1 (28) for Bayesian methods and PROTPARS and PROTDIST/NEIGHBOR from the PHYLIP 3.6 package (21) for maximum parsimony and neighbor-joining methods, respectively. Nuclear extracts and the electromobility shift assay (EMSA). Mini nuclear extracts were made from cells as described previously (54) . Binding reactions were done using 2 g of nuclear protein in the presence of specific 32 P-endlabeled double-stranded oligonucleotides as described previously (54) . The oligonucleotides used in this study were as follows: AP-1 (4, 36), C/EBP (33), and NF-B (31) gene sequences. The gel shift assay was performed using 1 l of the anti-c-Jun, c-Fos, JunB, and Jun family antibodies (Santa Cruz).
RESULTS
MCJ is a unique transmembrane DnaJ protein, highly conserved in vertebrates. Although some studies have examined the regulation of the MCJ gene by methylation, the biology and function of MCJ protein remain unknown. We therefore performed a PSI-BLAST search (2) by using the human MCJ sequence to examine the potential evolutionary association of MCJ with other proteins of known functions. The search revealed that MCJ is a member of a set of eukaryotic proteins that contain a conserved (66 to 100%) transmembrane domain and the C-terminal DnaJ domain ( Fig. 1A; see Fig. S1 in the supplemental material). This set includes the previously described yeast TIM14, a component of a mitochondrial inner membrane translocase (42) (Fig. 1A) . It also includes an uncharacterized human DnaJ protein that has been described as a "translocase of mitochondrion inner membrane" because of its high level of similarity (67%; P, 4 ϫ 10 Ϫ15 ) to the yeast TIM14. This TIM14 human ortholog, which will be referred to herein as a TIM14-like protein, is similar to human MCJ (74%; P, 6 ϫ 10 Ϫ32 ) but lacks the corresponding N terminus (Fig.  1A) . The sequence similarity searches indicate no other human proteins within this eukaryotic phylogeny (see Fig. S1 in the supplemental material).
Five evolutionary clades (i.e., groups of sequences with a common ancestor) (Fig. 1B) were identified: plant, yeast TIM14, fly-worm TIM14-like, vertebrate TIM14-like, and vertebrate MCJ clades. The plant clade was set as the out-group, meaning that the other four clades share with one another a common ancestor that is not shared with the plant clade (Fig.  1B) . The ecdysozoan (fly and worm) MCJ and TIM14-like sequences form a clade. We found with a high confidence level a gene duplication leading to two vertebrate clades, the MCJ and the TIM14-like clades (Fig. 1B) . Although gene duplication may have occurred after the divergence of vertebrates from the fly-worm (ecdysozoan) lineage (Fig. 1B, upper panel) , this possibility was not strongly supported by the results of our analysis (described in Materials and Methods). Stronger support was found for MCJ to be the result of gene duplication prior to the divergence of ecdysozoa from vertebrates (Fig. 1B , lower panel). This scenario would imply that MCJ must then have been lost in the fly-worm lineage(s).
Unlike the transmembrane and C-terminal DnaJ regions that are highly conserved within the five clades, the juxtamembrane C-terminal regions are distinct among clades, although they are conserved within each clade (Fig. 1A) . Thus, vertebrate MCJ orthologs have a unique juxtamembrane C-terminal region that is not conserved in other clades. In addition, the N terminus region (35 aa) present in the MCJ clade is absent in the TIM14-like vertebrate and ecdysozoan clades and is highly variable in the yeast TIM14 clade (Fig. 1A) . However, within the MCJ clade, seven sites of this N terminus are perfectly conserved and more than 90% of the sites exhibit some degree of conservation. The presence of the highly conserved N-terminal region specifically in the MCJ clade, but not in the TIM14-like vertebrate clade, suggests distinct functions of MCJ and TIM14 in vertebrates.
MCJ is a type II transmembrane protein localized in the Golgi compartment. The above-described MCJ phylogenetic analysis revealed the evolutionary ancestor of MCJ as yeast TIM14, which is localized in the inner mitochondrial membrane (42) . Since no previous studies have addressed the subcellular localization of MCJ, we generated a HA-tagged-MCJexpressing construct that also contained an internal ribosome entry site-EGFP gene and transfected 293T cells with this construct. We first tested MCJ expression in transfected cells by Western blot analysis. In correlation with the predicted size of MCJ, a protein of approximately 16 to 18 kDa was detected only in MCJ-transfected 293T cells and not in cells transfected with an empty plasmid ( Fig. 2A) .
MCJ subcellular localization in transfected cells was examined by confocal microscopy analysis. MCJ was clearly a cytoplasmic protein with a distinct punctate distribution in welldefined areas of the cytosol that resembled the distribution of intracellular organelles (Fig. 2B) . No MCJ staining in the untransfected cells was observed (Fig. 2B ). To investigate whether MCJ was localized in the mitochondria, we costained MCJ-transfected cells with Mitotracker, a specific marker for mitochondria. However, MCJ did not colocalize with the Mitotracker (Fig. 2C ). To test if MCJ was localized in the endoplasmic reticulum, cells were cotransfected with the MCJ-expressing plasmid and the pDsRed2-ER plasmid that expresses a red fluorescence protein targeted to the endoplasmic reticulum by the endoplasmic reticulum retention sequence (KDEL). No clear colocalization of MCJ with the pDsRed2-ER plasmid was observed by confocal microscopy (see Fig. S2 in the supplemental material). To precisely determine the organelle(s) where MCJ was localized, we performed immunoelectron microscopy. MCJ-transfected 293T cells were fixed, embedded, sectioned, and stained with antibody-coated gold particles (pAg10). A clear punctate distribution of MCJ specifically in the Golgi apparatus and other associated vesicles was visualized (Fig.  2D) . No MCJ localization in the mitochondria (Fig. 2E ), endoplasmic reticulum (Fig. 2F ), or nuclear membrane (data not shown) was detected. Thus, MCJ is an intracellular transmembrane protein localized primarily in the Golgi apparatus and associated vesicles.
The superfamily Hidden Markov model protein topology prediction program predicted that MCJ was a type II transmembrane protein (i.e., a protein with an intracellular N terminus and an extracellular C terminus). Since our immunoelectron microscopy studies showed that MCJ was present in the Golgi apparatus, this prediction would suggest that the MCJ C terminus was in the Golgi lumen whereas the N terminus was cytoplasmic. To confirm this prediction and further characterize the orientation of MCJ, we used the permeabilization-semipermeabilization method previously described (39) . This approach is based on comparative epitope accessibilities to the antibody for the detection of intracellular transmembrane protein topology. The classical method of immunostaining involves the permeation of fixed cells with a detergent (e.g., Triton X-100) that allows the antibodies to detect all intracellular proteins independently of their localization patterns. However, the semipermeabilization method uses a rapid freeze-thaw technique that selectively permeates the plasma membrane while the intracellular membranes remain impermeable. Since the HA tag was present at the N terminus of MCJ, we used the anti-HA antibody for the detection of the MCJ N-terminal region. For the detection of the C terminus, we generated a rabbit polyclonal antibody against the C terminus of MCJ. The specificity of this anti-MCJ antibody was examined by Western blot analysis using extracts from HA-MCJ-transfected and untransfected 293T cells. The anti-MCJ antibody was able to detect MCJ only in the MCJ-transfected 293T cells (Fig. 2G ). The specificity of the detected band of MCJ was further demonstrated by reprobing the blot with anti-HA antibody (Fig. 2G) .
We therefore used both anti-HA and anti-MCJ antibodies to detect MCJ by confocal microscopy analysis. 293T cells were transfected with an HA-MCJ-expressing plasmid, fixed, permeabilized, stained with either anti-HA or anti-MCJ antibody, and analyzed by confocal microscopy. Both anti-HA and anti-MCJ antibodies detected MCJ with similar patterns of expression in the transfected cells (Fig. 2H ). In parallel, HA-MCJ-transfected cells were rapidly freeze-thawed for semipermeabilization, fixed, stained with anti-HA and anti-MCJ antibodies, and analyzed by confocal microscopy. MCJ was detected with the anti-HA antibody but not with the anti-MCJ Fig. 2H ), indicating that the MCJ C terminus was not accessible to the antibody. These results confirm that the N terminus of MCJ is cytosolic whereas the C terminus resides within the Golgi lumen. Thus, MCJ is a type II cochaperone that resides within the Golgi compartment. MCJ is expressed in drug-sensitive but not in drug-resistant breast cancer cells. The loss of MCJ expression has been associated with increased resistance to chemotherapeutic drugs in ovarian cancer cells (56, 60, 61) . Multidrug resistance is a common phenomenon observed in other cancer types such as breast cancer. To investigate whether the loss of MCJ expression in drug-resistant cells was extended to cancer types other than ovarian, we examined MCJ expression in breast cancer cells. We compared MCJ expression in drug-sensitive MCF7 breast cancer cells with MCJ expression in MCF7/ADR cells that are derived from MCF7 cells but are resistant to several drugs, including doxorubicin, paclitaxel, and vincristine (18) . Total RNA was isolated from MCF7 and MCF7/ADR cells, and MCJ expression was examined by conventional RT-PCR using HPRT as an internal control. MCJ was expressed at high levels in MCF7 cells but was undetectable in MCF7/ADR cells (Fig. 3A) . Similar results were obtained by quantitative real-time RT-PCR analysis of MCJ (Fig. 3B) .
To confirm the loss of MCJ expression in multidrug-resistant cells, we used other MCF7-derived cells with a multidrugresistant phenotype. We have previously shown that multidrugresistant but not drug-sensitive breast cancer cells produce interleukin-6 (IL-6) and that the stable expression of IL-6 in MCF7 cells confers multidrug resistance (10) . We therefore isolated total RNA from MCF7 cells and MCF7 cells stably expressing IL-6 (MCF7/IL-6 cells) and examined MCJ expression by RT-PCR. MCJ was expressed in MCF7 cells but not in the multidrug-resistant MCF7/IL-6 cells (Fig. 3C) . We have also shown that the transient treatment of MCF7 cells with exogenous IL-6 increases the drug resistance of these cells (10) . We tested whether this increased resistance was associated with decreased MCJ expression. MCF7 cells that were treated with exogenous IL-6 for 1 week contained reduced levels of MCJ mRNA compared with untreated MCF7 cells ( Fig. 3D and E).
To rule out the possibility that the correlation between reduced MCJ expression and chemoresistance was restricted to this breast cancer cell line, we examined another breast cancer cell line, MDA-MB-321, and its doxorubicin-resistant derivative, the MD22 cell line (32) . Unlike the multidrug-resistant MCF7/ADR cells, MD22 cells are resistant specifically to doxorubicin. We isolated RNA and performed RT-PCR to assess MCJ and HPRT expression. While MDA-MB-321 cells expressed high levels of MCJ, very low levels were detected in MD22 cells (Fig. 3F) . To examine whether MCJ expression was also blocked in other multidrug-resistant cells, we examined the drug-sensitive MES-SA uterine cancer cell line and its multidrug-resistant derivative, the MES-SA/Dx5 cell line (27) , by RT-PCR. As in MCF7 cells, MCJ was expressed in the MES-SA cells, but its expression was undetectable in MES-SA/Dx5 cells (Fig. 3G) . Thus, the loss of MCJ gene expression in drug-resistant cells may be a common phenomenon in a number of solid tumors, suggesting that MCJ can be a multidrug resistance marker independent of the cancer type.
Since the sensitivity of the rabbit anti-MCJ polyclonal antibody was limited for the detection of endogenous MCJ (data not shown), we generated a monoclonal antibody against the N-terminal peptide (aa 1 to 35) of MCJ that has no homology with corresponding regions of other mammalian proteins, as described above (Fig. 1) . To first test the specificity of the anti-MCJ mAb and its ability to recognize MCJ, we performed Western blot analysis using whole-cell extracts from MCJtransfected and untransfected 293T cells. A unique band of the corresponding size was detected exclusively in MCJ-transfected cells (Fig. 4A) . To further confirm the specificity of the anti-MCJ mAb, we performed confocal microscopy with MCJtransfected and untransfected 293T cells. Anti-MCJ reactivity was detected only in the transfected and not in the untransfected cells (Fig. 4B) , and the pattern of expression was similar to that observed with the antitag and the polyclonal anti-MCJ antibodies (Fig. 2B) .
We used the anti-MCJ mAb to further demonstrate the selective expression of MCJ in drug-sensitive breast cancer cells but not in drug-resistant cells by Western blot analysis. A distinct band of a size corresponding to MCJ was present in MCF7 cells but not in multidrug-resistant MCF7/ADR and MCF7/IL-6 cells (Fig. 4C) . No other cross-reactive proteins in MCF7 cells could be detected with this mAb. In addition, MCJ was present in the drug-sensitive MDA-MB-231 breast cancer cells while only very low MCJ levels were detected in the doxorubicin-resistant MD22 cells (Fig. 4C) . Thus, the expression of MCJ correlated with the MCJ mRNA levels detected in these cells, further demonstrating the loss of MCJ in drugresistant breast cancer cells.
We also investigated the subcellular distribution of endogenous MCJ in MCF7 cells by immunostaining and confocal microscopy using the anti-MCJ mAb. Although lower than that in MCJ-overexpressing 293T cells, the level of expression of endogenous MCJ in MCF7 cells was clearly detectable (Fig.  4D) . No MCJ could be detected in MCF7/ADR cells (Fig. 4D) . Endogenous MCJ also showed a punctate distribution pattern in MCF7 cells, although it was more widely distributed through the cytoplasm. Several studies have shown that the Golgi compartments of MCF7 cells are diffusely localized throughout the cytoplasm (5, 40, 43, 59 ). We examined the colocalization of MCJ with the human trans-Golgi network protein TGN46 that has been previously used to detect the Golgi network in MCF7 cells (59) . Confocal microscopy analysis showed that MCJ partially colocalized with TGN46 (Fig. 4E) . Together, these results indicate that endogenous MCJ is localized in the Golgi compartment in drug-sensitive breast cancer cells but its expression is lost in multidrug-resistant cells. MCJ is required for breast cancer cells to maintain the response to chemotherapeutic drugs. To address whether the absence of this Golgi compartment-associated protein by itself could induce multidrug resistance in breast cancer cells, we examined the effect of the inhibition of MCJ expression by RNA interference. An siRNA MCJ target sequence (siMCJ) was cloned downstream of the H1 RNA polymerase III promoter in pSuperEGFP, a modified version of the pSuper plasmid (6) that includes the EGFP gene the under control of the CMV promoter. MCF7 cells were transiently transfected with pSuperEGFP-siMCJ or an empty plasmid. Cells transfected with siMCJ had lower levels of MCJ mRNA than cells transfected with the empty plasmid, as determined by RT-PCR (Fig.  5A) . We then performed the stable transfection of MCF7 cells with the pSuperEGFP-siMCJ construct, generating MCF7/ siMCJ cells. Two clones, MCF7/siMCJ-1B and MCF7/siMCJ-3B, were selected for further expansion and characterization. Total RNA was isolated from MCF7, MCF7/siMCJ-1B, and MCF7/siMCJ-3B cells and examined for MCJ gene expression. No MCJ mRNA was detected in MCF7/siMCJ-3B and MCF7/ siMCJ-1B cells by conventional RT-PCR (Fig. 5B) , and very low levels were detected only in MCF7/siMCJ-1B cells by quantitative real-time RT-PCR (Fig. 5C) .
To confirm that the expression of siMCJ in MCF7/siMCJ cells abolishes not only MCJ mRNA expression but also protein expression, we examined endogenous MCJ levels by Western blotting using the anti-MCJ mAb. MCJ was clearly present in MCF7 cells, but it was almost undetectable in MCF7/ siMCJ-1B and MCF7/siMCJ-3B cells, as well as in MCF7/ ADR cells (Fig. 5D ) These data indicate that MCJ mRNA and protein expression were abolished in MCF7/siMCJ cells.
The MCF7/siMCJ-1B and -3B cells had a rate of proliferation similar to that of MCF7 cells, and no difference in the viability of these cells in culture was observed (data not shown). We examined whether the inhibition of MCJ expression could increase resistance to doxorubicin (anthracycline), a commonly used chemotherapeutic drug for breast cancer treatment. MCF7, MCF7/ADR, MCF7/siMCJ-1B, and MCF7/ siMCJ-3B cells were cultured in the absence or presence of
FIG. 4. Loss of MCJ in multidrug-resistant breast cancer cells. (A) 293T cells were transfected with an MCJ-expressing plasmid (MCJ) or a control plasmid (Con) and lysed, and MCJ expression was determined by Western blot analysis using an anti-MCJ mAb (MCJ). Actin was examined as a loading control. (B) 293T cells were transfected with MCJ-expressing (MCJ) or control plasmids, fixed, stained using an anti-MCJ mAb (red), and examined by confocal microscopy. TOPRO (blue) was used as a nuclear dye. EGFP (green) denotes the transfected cells. The middle panel is a magnification (zoom) of a section of the upper panel. (C) MCJ expression in MCF7, MCF7/ADR (ADR), MCF7/IL-6 (M/IL-6),
MDA-MB-321 (MDA), and MD22 cells was examined by Western blotting using whole-cell extracts and the anti-MCJ mAb (MCJ). Actin was used as a loading marker. (D) MCF7 and MCF7/ADR cells were fixed, stained with the anti-MCJ mAb (MCJ; red) or secondary antibody (control), and examined by confocal microscopy. TOPRO was used as a nuclear dye (blue). Magnified images of the anti-MCJ-stained MCF7 and MCF7/ADR cells are shown in the middle panels. (E) MCF7 cells were stained with a mouse anti-MCJ mAb and a rabbit anti-TGN46 antibody. TOPRO was used as a nuclear dye. Images show only MCJ staining (red), TGN46 staining (green), and the staining of both MCJ and TGN46 (MCJϩTGN) for the visualization of colocalization (orange). different concentrations of doxorubicin and the percent viability was measured by the MTT assay. In correlation with results from previous studies (1), MCF7 cells were highly sensitive to doxorubicin while MCF7/ADR cells were highly resistant (Fig.  5E) . Interestingly, MCF7/siMCJ-1B and MCF7/siMCJ-3B cells were significantly more resistant to doxorubicin than MCF7 cells (Fig. 5E) .
We also tested the response to paclitaxel (taxane), another commonly used chemotherapeutic drug for breast cancer. MCF7 cells were highly sensitive to paclitaxel (Fig. 5F ). In contrast, MCF7/siMCJ-1B and MCF7/siMCJ-3B cells were highly resistant, similar to MCF7/ADR cells (Fig. 5F ). Together, these results demonstrate that MCJ is required for breast cancer cells to respond to different drugs such as doxorubicin and paclitaxel and that the inhibition of MCJ expression causes multidrug resistance.
MCJ is required for the intracellular accumulation of chemotherapeutic drugs. Impaired intracellular accumulation of chemotherapeutic drugs due to transport-mediated efflux is the best-characterized mechanism involved in multidrug resistance (38) . We examined the effect of MCJ downregulation on the intracellular accumulation of doxorubicin by confocal microscopy. MCF7, MCF7/siMCJ-1B, and MCF7/siMCJ-3B cells were treated with medium alone or with doxorubicin for 1, 2, or 3 h. Cells were then washed and fixed, and doxorubicin fluorescence was visualized by confocal microscopy. No doxorubicin fluorescence was detected in MCF7 cells treated with medium alone or with doxorubicin for only 1 h (data not shown). After 2 h of treatment, some doxorubicin fluorescence was detected in the MCF7 cells, but the maximum level of intracellular accumulation was reached after 3 h (Fig. 6A) . Both MCF7/siMCJ-1B and MCF7/siMCJ-3B cells expressed EGFP, but no doxorubicin fluorescence was observed in these cells after 3 h of treatment (Fig. 6A) . Similarly, no doxorubicin fluorescence in MCF7/siMCJ cells was detected after shorter (1-and 2-h) and longer (4-h) periods of treatment (data not shown).
To demonstrate that this phenotype was due to the inhibition of MCJ expression rather than the selection of the siMCJ cell clones, MCF7 cells were transiently transfected with either an empty pSuperEGFP plasmid or the pSuperEGFP-siMCJ plasmid. Thirty-six hours after transfection, cells were treated with doxorubicin for 3 h and examined by confocal microscopy analysis. Transfected cells were identified by the presence of EGFP. Both EGFP-positive and EGFP-negative cells among the control plasmid-transfected MCF7 cells showed doxorubicin accumulation (Fig. 6B) . In contrast, doxorubicin fluorescence could be detected only in EGFP-negative, not EGFPpositive, siMCJ-transfected MCF7 cells (Fig. 6B) . Thus, the transient inhibition of MCJ expression interferes with the intracellular accumulation of the drug.
To confirm the confocal microscopy results, we examined the intracellular accumulation of doxorubicin by flow cytometry. MCF7, MCF7/ADR, MCF7/siMCJ-1B, and MCF7/ siMCJ-3B cells were treated with doxorubicin (0.3 and 3 M) for 3 h, washed extensively, and examined by flow cytometry. High levels of doxorubicin were present in MCF7 cells even at the lower dose (Fig. 6C) . In contrast, no intracellular accumulation of doxorubicin could be detected in MCF7/siMCJ-1B and -3B cells at the lower dose of doxorubicin (0.3 M) and very low intracellular levels were detected at the higher dose (3 M) (Fig. 6C ). In addition, no doxorubicin in MCF7/ADR cells was observed (Fig. 6C) . The intracellular accumulation of doxorubicin was also impaired in other cells that have lost MCJ, including MCF7/IL-6 and MES/DOX cells (Fig. S3 in the supplemental material) Together, these results demonstrate that the presence of MCJ is required to allow the intracellular accumulation of the drug. MCJ suppresses ABCB1 gene expression. Specific ATPbinding cassette (ABC) transporters that promote drug efflux or drug retention in intracellular compartments of cancer cells provide one of the mechanisms to prevent drugs from reaching their specific intracellular targets. The ABC transporters constitute a large family, with 48 members in humans. Some ABC transporters that use specific drugs as substrates are overexpressed in the cancer cell lines and tumors that are multidrug resistant (24) . The substrates of a large number of these transporters, however, remain unknown. The best-characterized member of this family is ABCB1 (also known as the mdr1 or P-glycoprotein). Since ABCB1 is known to be absent in drugsensitive MCF7 cells (19) , we examined its expression in MCF7/siMCJ cells by Western blot analysis. In contrast to the lack of ABCB1 in MCF7 cells, high levels of ABCB1 were present in MCF7/siMCJ-1B and -3B cells (Fig. 7A) . As previously described, high levels of ABCB1 were also present in MCF7/ADR cells (Fig. 7A) .
To determine whether the effect of MCJ on ABCB1 levels could be due to changes in the expression of the ABCB1 gene, we measured ABCB1 mRNA levels by conventional RT-PCR. The ABCB1 gene was not expressed in MCF7 cells (Fig. 7B) , but it was highly expressed in MCF7/siMCJ-1B and -3B cells (Fig. 7B) . Similar results were obtained by quantitative real-time RT-PCR (Fig. 7C) . In addition, the inhibition of MCJ expression in MCF7 cells by transient transfection with the pSuperEGFP-siMCJ plasmid caused an upregulation of ABCB1 gene expression (data not shown). Unlike that of ABCB1, the expression of other multidrug ABC transporters like ABCC1 (for multidrug resistance-associated protein) (15) and ABCG2 (for breast cancer resistance protein) (16) that are expressed in MCF7 cells was not altered in MCF7/siMCJ cells (Fig. 7D) . Thus, MCJ appears to selectively regulate ABCB1 gene expression.
To further demonstrate the negative role of MCJ in ABCB1 gene expression, we examined whether the expression of MCJ . We examined the ABCB1 expression in these cells by Western blot analysis. Although not totally abolished, the ABCB1 levels in MCF7/ADR-MCJ were reduced compared with those in MCF7/ADR cells (Fig. 7E) . Consistent with the reduced levels of ABCB1, MCF7/ADR-MCJ cells also showed increased intracellular doxorubicin accumulation compared with the parental MCF7/ADR cells (see Fig. S3 in the supplemental material) Together, these results indicate that MCJ is able to negatively regulate ABCB1 expression. Multidrug resistance induced by the loss of MCJ expression is mediated by ABCB1. To determine whether the presence of ABCB1 expression in MCF7/siMCJ cells was responsible for the inability of these cells to accumulate doxorubicin, we examined the effect of verapamil, a known pharmacological inhibitor of ABCB1 (8) . MCF7/siMCJ-1B and MCF7/ADR cells were treated with doxorubicin for 3 h in the presence or absence of verapamil. Intracellular drug accumulation was examined by confocal microscopy. No doxorubicin fluorescence in MCF7/siMCJ-1B cells was detected, but clear intracellular accumulation after the addition of verapamil was observed (Fig.  8A ). Similar results with MCF7/ADR cells were observed (Fig.  8A) . To confirm these results, we measured doxorubicin fluorescence by flow cytometry analysis. Verapamil allowed the intracellular accumulation of doxorubicin in MCF7/siMCJ-1B cells and had no effect on MCF7 cells (Fig. 8B) .
In contrast to anthracyclines and taxanes, 5-FU is not a substrate for ABCB1, and MCF7/ADR cells are therefore as sensitive to this drug as MCF7 cells (41) . To further confirm the involvement of ABCB1 in the multidrug resistance of MCF7/siMCJ cells, we examined the response of these cells to 5-FU by using the MTT assay. The responses of MCF7, MCF7/ ADR, and MCF7/siMCJ-1B and -3B cells to doses of 5-FU were comparable (Fig. 8C) . Thus, the loss of MCJ confers resistance to specific drugs that have been associated with the ABCB1 transporter. To further confirm the contribution of ABCB1 to the multidrug resistance induced by the loss of MCJ, we examined the effect of the inhibition of ABCB1 expression by siRNA on intracellular doxorubicin accumulation. MCF7/siMCJ cells were transiently transfected with siRNA oligonucleotides targeting ABCB1, and after 48 h cells were treated with doxorubicin. The intracellular accumulation of doxorubicin was measured by flow cytometry. We observed increased intracellular levels of doxorubicin in MCF7/siMCJ cells transfected with ABCB1-targeting siRNA oligonucleotides (Fig. 8D) . No effect on drug accumulation was detected when scrambled siRNA oligonucleotides or siRNA oligonucleotides corresponding to GAPDH (glyceraldehyde-3-phosphate dehydrogenase) were used as controls (Fig. S4 in the supplemental material). The partial effect of ABCB1 siRNA on drug accumulation correlated with an only partial decrease of ABCB1 levels as determined by Western blot analysis (Fig.  8E) . Together, these results indicate that the inability of MCF7/siMCJ cells to accumulate doxorubicin is at least partially mediated by the upregulation of ABCB1, although we do not discard a potential contribution of other ABC transporters with unknown functions.
The absence of MCJ increases c-Jun levels and transcriptional activity. Several transcription factors have been shown to be involved in the regulation of ABCB1 gene expression, including AP-1, C/EBP, and NF-B (55). To investigate the mechanism by which MCJ regulates ABCB1 expression, we examined AP-1, C/EBP, and NF-B DNA binding by EMSA by using the nuclear extracts from MCF7 and MCF7/siMCJ cells. No difference in levels of C/EBP DNA binding between MCF7 and MCF7/siMCJ cells was observed (Fig. 9A) . Low levels of NF-B DNA binding in MCF7 cells could be detected, and the levels in MCF7/siMCJ cells were practically undetected (Fig. 9A ). In contrast, the level of AP-1 DNA binding in MCF7/siMCJ cells was greatly increased compared with that in MCF7 cells (Fig. 9A) . AP-1 is composed of either heterodimers of Jun and Fos family members or homodimers of Jun family members (25) . To identify the composition of the AP-1 complex in the MCF7/ siMCJ cells, we performed supershift analysis with antibodies specific for AP-1 components by using nuclear extracts from these cells. Anti-JunB and anti-Fos antibodies did not substantially compete with AP-1 DNA binding, and no supershift complex could be detected, indicating that neither of these members was present in the complex (Fig. 9B) . In contrast, anti-c-Jun antibody strongly inhibited the AP-1 binding and a supershift complex was present (Fig. 9B) . Similarly, an antibody that does not supershift but competes with the DNA binding of the three Jun family members (c-Jun, JunB, and JunD) also inhibited the AP-1 complex present in the MCF7/ siMCJ cells (Fig. 9B) . These results indicate that the AP-1 complexes present in MCF7/siMCJ cells consist predominantly of c-Jun dimers.
To examine whether increased c-Jun DNA binding resulted in increased AP-1-mediated transcription, we transfected MCF7 and MCF7/siMCJ cells with an AP-1-luciferase reporter construct. In correlation with the high level of AP-1 DNA binding activity, increased AP-1 transcriptional activity was detected in MCF7/siMCJ cells (Fig. 9C) . The loss of MCJ therefore induced AP-1-mediated transcription.
We determined whether the increased c-Jun DNA binding in MCF7/siMCJ cells could be due to an upregulation of c-Jun protein levels. We examined the levels of c-Jun by Western blot analysis using whole-cell lysates. Very low levels of c-Jun were detected in MCF7 cells, but high levels were present in MCF7/siMCJ cells (Fig. 9D) , as well as in MCF7/ADR cells (Fig. 9D) . In contrast, no significant difference in c-Jun mRNA levels was observed by quantitative real-time PCR (Fig. 9E) , suggesting that MCJ may have an effect on c-Jun protein stability or synthesis. It has been previously reported that c-Jun levels can be regulated by ubiquitination and proteasome-mediated degradation (62) . We examined whether the low levels (Fig. 9F ). MG132 treatment did not increase c-Jun protein levels in MCF7/siMCJ cells (Fig. 9F) . Thus, the lower levels of c-Jun present in MCF7 cells than in MCF7/siMCJ cells are likely due to an increased rate of degradation of c-Jun in the former cells. A functional AP-1 binding site within the ABCB1 promoter region that binds c-Jun dimers has been described, and a number of studies have shown the regulation of ABCB1 by c-Jun in multidrug-resistant cancer cells (12, 13, 34) . To show that c-Jun is responsible for the induction of ABCB1 gene expression in MCF7/siMCJ cells, we inhibited c-Jun-mediated transcription. The phosphorylation of c-Jun at Ser-63 and Ser-73 by JNK leads to the activation of c-Jun (14) . We transiently transfected MCF7/siMCJ cells with a dominant negative JNK1 (dnJNK1) mutant-expressing plasmid (14) to inhibit c-Jun activation. ABCB1 expression in untransfected and transfected cells was examined by Western blotting. The presence of dnJNK1 in MCF7/siMCJ-1B and -3B cells caused a substantial reduction of the ABCB1 levels (Fig. 9G) . Thus, the induction of ABCB1 expression in the absence of MCJ required the c-Jun/JNK pathway. A reduction of the ABCB1 levels by the expression of dnJNK1 in MCF7/ADR cells was also observed (see Fig. S5A in the supplemental material).
In addition to the transcription activity, the phosphorylation of c-Jun by JNK has been shown to protect c-Jun from ubiquitination and degradation (22, 44) . We therefore examined the levels of c-Jun in MCF7/siMCJ cells transfected with the dnJNK1 mutant. In correlation with the reduction of ABCB1 levels, the levels of c-Jun were substantially decreased in the presence of dnJNK1 (Fig. 9G) . Similar results were obtained with MCF7/ADR cells (Fig. S5A in the supplemental material), but the expression of dnJNK did not affect the low c-Jun levels present in MCF7 cells (see Fig. S5B in the supplemental material). The amount of total JNK1/JNK2 as determined by Western blot analysis was not increased by the loss of MCJ in MCF7/siMCJ cells (see Fig. S5C in the supplemental material) . Although the basal levels of phosphorylated JNK seemed to be slightly increased in both MCF7/siMCJ and MCF7/ADR cells compared with those in MCF7 cells, they were very low since a long film exposure was needed for detection by Western blot analysis (see Fig. S5C in the supplemental material) .
Together, these results indicate that the presence of MCJ in MCF7 cells prevents the accumulation of c-Jun, probably by (Fig. 9H) . Thus, MCJ associates with c-Jun and this association likely favors c-Jun degradation.
DISCUSSION
Multidrug resistance is a complex and multifactorial phenomenon. It appears to be the major cause of chemotherapy failure in breast cancer since it is associated with the lack of response to a variety of drugs. The identification of tumor markers that can help to predetermine the response to a given type of chemotherapy is therefore an area of high priority in breast cancer research. The overexpression of markers (e.g., specific ABC transporters) exclusively in multidrug-resistant cancer cells and their absence in their drug-sensitive counterparts is the most frequent scenario (38) . In contrast, the loss of expression of specific markers in association with multidrug resistance is less frequent. The loss of MCJ expression by methylation of the MCJ gene has been correlated with multidrug resistance in ovarian cancer cell lines. In addition, it has been recently shown that high levels of methylation of the MCJ gene correlate with a poor response of ovarian tumors to therapy and poor survival rates among patients (61) . Here we show that the loss of MCJ gene expression also correlates with multidrug resistance in two independent breast cancer cell lines and in a uterine cancer cell line. Immunohistochemistry analysis of MCJ in breast tumor arrays indicated that MCJ expression is lost in a number of tumors (data not shown), but further studies are needed to show the correlation with the response to chemotherapy. Thus, MCJ may be a widely useable marker for chemoresistance among different types of cancer cells.
MCJ, however, is not just a marker for the response to chemotherapy. Here we show that the presence or absence of MCJ clearly modulates the response of breast cancer cells to specific chemotherapeutic drugs. MCJ has already been associated with the chemotherapeutic response in ovarian cancer cells, but no mechanism has yet been proposed. In this study, we show that the absence of MCJ prevents intracellular drug accumulation. This prevention is at least partially due to the upregulation of the ABCB1 transporter since verapamil reverses the intracellular accumulation of doxorubicin in the absence of MCJ and the expression of ABCC1 and ABCG2 is not affected. However, we cannot discard the possibility that MCJ may also regulate the expression of other uncharacterized ABC transporters of unknown functions that might be additional targets for verapamil.
We show here that the expression of the ABCB1 gene induced by the loss of MCJ is mediated by c-Jun. The intracellular concentration of c-Jun is normally tightly regulated through rapid turnover by ubiquitination and degradation, a process that is regulated in part by the phosphorylation of c-Jun. The phosphorylation of c-Jun by JNK has been shown to reduce c-Jun ubiquitination, leading to increased c-Jun stabilization (22, 44, 45) . In contrast, the phosphorylation of c-Jun by COOH-terminal Src kinase at Y26 and Y170 appears to promote c-Jun degradation (65) . Here we show that MCF7 cells did not contain significant amounts of c-Jun despite being tumor cells. However, the inhibition of the proteasome function greatly increased c-Jun levels, indicating that an active ubiquitination and degradation process prevents c-Jun from accumulating in these cells. In the absence of MCJ, however, c-Jun is able to accumulate in MCF7 cells. The accumulation of c-Jun and AP-1 activity have also been found in MCF/ADR cells (reference 13 and our unpublished data) in correlation with the loss of MCJ from these cells. Increased levels of c-Jun and ABCB1 in other drug-resistant cancer cell lines have also been observed (12, 34) , but it remains to be examined whether or not these cells express MCJ. Thus, we propose that MCJ promotes the ubiquitination and/or the degradation of c-Jun. Although the mechanism needs to be further investigated in future studies, we have shown a physical association between MCJ and c-Jun in support of this model.
Recently, it has been shown that the ubiquitination of c-Jun is carried out by specific ubiquitin ligases such as Itch (23) and SCF Fbw7 (47) . In addition, c-Jun is also regulated by deubiquitination through the deubiquitinase POH1 (46) . Both ubiquitination and deubiquitination have been subcellularly localized to lysosomes and endosomes (20, 46) . Thus, MCJ may promote the ubiquitination or inhibit the deubiquitination of c-Jun and potentially other proteins. In this regard, we also found that the levels of hypoxia inducible factor 1␣ (HIF-1␣), a transcription factor regulated primarily by ubiquitination and degradation (52) , were higher in the MCF7/siMCJ cells than in the MCF7 cells (see Fig. S6 in the supplemental material). Although HIF-1␣ has also been involved in the transcription of the ABCB1 gene in hypoxia (9) , the inhibition of HIF-1␣ expression in the MCF7/siMCJ cells did not interfere with ABCB1 gene expression (data not shown).
In summary, MCJ is a unique type II transmembrane DnaJ protein present in the Golgi compartment that acts as a re- (Fig. 10 ).
